In Russian, the same consonant sequences are permitted in various phonotactic environments.
Introduction
Though obstruent-obstruent consonant sequences are relatively uncommon in the world's languages, they have proven to be an interesting subject for the study of consonant coordination in speech production (e.g. Browman and Goldstein, 1988; Browman and Goldstein, 1990; Browman and Goldstein, 1995; Byrd, 1996; Byrd and Tan, 1996; Davidson, 2006a; Gafos, 2002; Zsiga, 1994) . Previous research has provided glimpses into how obstruent-initial consonant sequences are produced in several languages, demonstrating that there are several possibilities for articulatory and acoustic implementation. For example, in English, it has been shown that obstruents are weakly released before obstruents in word-medial and word-final position only about half of the time, and that the likelihood of release is dependent on the place of articulation of the first consonant in the sequence (e.g. "cactus", Henderson and Repp, 1982) . Georgian contains so-called word-initial "harmonic clusters", which are sequences of obstruents that must match in their laryngeal specification. Chitoran (1998) demonstrated that the first consonant of a harmonic cluster is typically released and is similar in length to its word-medial counterpart, indicating that the harmonic clusters are a sequence of consonants rather than a single complex segment. In Tsou, an Austronesian language that allows both word-initial and word-medial obstruent+consonant sequences, examination of stop releases and measures of fricative energy suggest that both types of sequences are released (stops) or less overlapped (fricatives) in initial position than in medial position (Wright, 1996) . Finally, in a study comparing the production of Russian and English consonant sequences across word boundaries, Zsiga (2003) found that when speaking their native languages, Russian speakers release stops in stop-stop sequences at word boundaries about five times as often as English speakers do. This paper extends the examination of Russian consonant sequences by comparing consonant clusters across word boundaries with those in word-initial position, and with obstruent-schwa-consonant sequences. Russian is an interesting case for studying durational and other acoustic properties of obstruent-initial consonant sequences because there are fewer restrictions on their distribution than in many other languages. For example, consonant sequences like /tk/ or /pn/ can be found in word-initial position, word-medial position, and across a word boundary, as shown in (1). These consonant can also be found in consonant-schwa-consonant sequences, which differ from initial consonant clusters only by the presence of a short, reduced vowel.
( Understanding how consonant sequences are implemented across various boundaries is important because it bears on several tasks that are required of speakers and hearers. First, it has been shown that the acoustic cues of ambiguous strings can be used by listeners to perform lexical segmentation. In some languages, like English, speakers prefer to use phonotactic cues to uncover the appropriate segmentation and only use acoustic cues as a secondary piece of information (Weber, 2000) . However, when a particular string of phonemes is ambiguous between two possible segmentations, listeners rely on acoustic cues like duration to distinguish the possibilities (e.g. diep in 'deep in' versus die pin 'that pin' in Dutch or night rate versus nitrate in English, Hohne and Jusczyk, 1994; Quené, 1992) . Speakers also produce and listeners use durational cues to determine phrase boundaries (e.g., Cho and Keating, 2001; Fougeron and Keating, 1997; Klatt, 1976; Lehiste, 1960; Lehiste, 1972; Oller, 1973; Scott, 1982) , and durational cues help listeners distinguish between a word that is an isolated form versus being part of a polysyllabic word (e.g. ham vs. hamster, Salverda et al., 2003) . Because there are few positional restrictions on consonant sequences in a language like Russian, it is possible that listeners are even more likely to rely on durational differences to perform lexical segmentation since phonotactic cues are less strong indicators of word boundaries.
Similarly, both second language learners, especially at early stages, and infants acquiring a first language may rely even more heavily on acoustic cues like duration for lexical segmentation than adult native listeners do even in non-ambiguous cases. While adult native speakers of a language rely on lexical/semantic information over both segmental/acoustic and metrical cues when all three types of information are available to them (Mattys et al., 2005) , early second language learners are less competent than native speakers at using top-down, contextual information in word recognition (Mayo et al., 1997) . It is also possible that the lexicons of second language learners are not developed enough to give rise to the process of lexical competition that has also been argued to aid segmentation (e.g. Gow and Gordon, 1995; Luce and Lyons, 1999; McQueen, 1998; Norris, 1994; Norris et al., 1997) . Likewise, first language learners have also been shown to rely on both phonotactics and on the acoustic information that mediates allophonic differences in order to perform word recognition tasks (Friederici and Wessels, 1993; Hohne and Jusczyk, 1994; Jusczyk et al., 1999) .
A second role that cues like duration may play is to assist both first and second language learners in uncovering the articulatory timing patterns of their target language. As has been pointed out by several studies, one aspect of second language learning is mastery of the articulatory coordination of sequential sounds in the language being acquired (Solé, 1997; Tajima et al., 1997; Yanagawa, to appear; Zsiga, 2003) . In the production of sequential consonants, the articulatory coordination that is implemented affects whether the sequence is produced with close transition (the release of the first consonant is entirely overlapped by the second consonant), a release burst, or even a transitional schwa (Bradley, 2007; Davidson, 2005; Gafos, 2002; Hall, 2006) . These audible cues to timing can give second language learners a clue as to the appropriate coordination between consonant sequences in their target language. As Zsiga (2003) pointed out, for example, proficient English learners of Russian are able to produce the Russian pattern of releasing pre-consonantal obstruents with relative ease whereas Russian speakers have considerably more difficultly with the close transition prevalent in English.
This paper focuses primarily on the role of duration in the production of three different kind of obstruent-initial sequences in Russian: word-initial consonant clusters (#CC), consonant sequences across a word boundary (C#C), and consonant-schwa-consonant sequences (#CəC).
The first two types of sequences are the primary focus of interest, since for many consonant combinations, phonotactics alone would not be an adequate cue to lexical segmentation. If there are duration differences between the consonants in #CC versus C#C sequences, listeners may use that information for segmentation and learners may deduce differences in coordination from the acoustic variation. The #CəC tokens are included as a comparison with #CC tokens, since a secondary question of interest is whether native speakers of Russian ever produce #CC words with a transitional, or "excrescent", schwa between the consonants (see Davidson, 2006a for production of these types of words by English speakers). While the production of excrescent schwas has never been examined in Russian, they have been noticed for other languages that have obstruent-initial consonant clusters, such as Piro (Matteson and Pike, 1958) , Moroccan
Arabic (Gafos, 2002) , and Sierra Popoluca (Elson, 1956) . If second language learners are faced with variation in the input, it may impact how meticulously they acquire the coordination of nonnative, obstruent-initial #CC sequence. While the purpose of this paper is not to determine how Russian listeners and second language learners of Russian use acoustic information to either segment speech or acquire coordination, the production data presented here are a necessary
precursor for understanding what information in the signal is available to listeners.
A few differences between the consonant sequences under examination can be hypothesized on the basis of previous research. Two phenomena are expected to affect consonant length: domain strengthening, in which consonants at edges of domains are longer than non-edge counterparts (Byrd, 2000; Cho and Keating, 2001; Fougeron and Keating, 1997) , and the fact that consonants in clusters are shorter than singletons (e.g. Lindblom et al., 1981) . Thus, for example, both of the consonants in #CC are expected to be shorter than their counterparts in #CəC and C#C. For C2 specifically, there should be a decrease in duration from C#C, where C2
is at a word-boundary, to #CəC where it is a singleton, to #CC, where it is in a cluster. It is also possible that manner plays a role in consonant duration differences. If, as shown by Zsiga (2003) , stops must always be released regardless of the type of consonant cluster and cannot be overlapped by the following consonant, then it might be expected that the duration of stops in C1
position in C#C and #CC should not differ.
A secondary comparison examined in this study is whether monolingual Russian and bilingual Russian-English speakers employ the same durational cues to distinguish between different types of consonant sequences. This question arose as a result of originally recruiting
Russian speakers currently residing in the United States. Because these speakers are generally proficient bilinguals, it is possible that aspects of consonant sequence production in English are affecting their implementation of Russian consonant sequences (e.g., Flege and Hillenbrand, 1984; Sancier and Fowler, 1997) . For example, since English medial and final obstruent clusters are often produced without a release after the first consonant and final stops are also often unreleased (Henderson and Repp, 1982; Zsiga, 2003) , it is possible that this coordination is visible in a bilingual Russian-English speaker's production in either #CC or C#C. This issue is ultimately important for language acquisition, since English-speaking students studying in the United States often have bilingual instructors providing a substantial amount of their input.
In the next section, the phonotactic properties of Russian consonant sequences relevant to this study are briefly presented.
Russian phonotactics
Russian is well-known for having word-initial consonant sequences that violate traditional accounts of sonority well-formedness. For example, Russian contains words with both sonority plateaus and sonority reversals. Russian also allows several types of stop-fricative and obstruent-nasal sequences that are not common cross-linguistically (though they are found in other Slavic languages). These sequences can occur both with palatalized and non-palatalized consonants; the focus of this study is on sequences of non-palatalized consonants. All of these types of sequences are found in monomorphemic words, but word-initial obstruent-obstruent or obstruent-nasal sequences can also be formed through the concatenation of the prepositions /s/ 'with', /k/ 'to, toward', and /v/ 'in'. Examples of both monomorphemic and polymorphemic words are shown in (2).
(2) a. Two widely-described aspects of Russian phonology-namely, word-final obstruent devoicing and voicing assimilation in consonant clusters-must be mentioned in the context of the current study (Avanesov, 1984; Halle, 1971; Hamilton, 1980; Jones and Ward, 1969; Ozhegov, 1990; Timberlake, 2004 However, there is some evidence from preceding vowel duration, consonant duration, and duration of voicing into the closure that devoicing is not completely neutralized to a voiceless consonant (Dmitrieva, 2005; Pye, 1986 Timberlake (2004:70) notes that it may be "occasional between independent words, at least in close syntagms (and with connotations of colloquial register)". Also, the exact nature and status of /v/ in Russian has been a subject of many studies, sometimes being analyzed as a fricative, sometimes as a sonorant.
Because we do not take a stand on the exact nature of /v/, it is always examined as an independent category in the present study (Hayes, 1984; Lulich, 2004; Padgett, to appear) .
Experiment

Participants
The two types of participants included monolingual Russian speakers and bilingual Russian-English speakers. The six bilingual Russian speakers were primarily recruited from Russian communities in New York City such as Sheepshead Bay and Brighton Beach in
Brooklyn. There were three male speakers and three female speakers. All of these speakers were born in the Moscow area and did not start learning English until they were between 12-17 years of age. These participants range in age from 20-29 years, with the exception of one 41-year-old female (who began learning English at age 16). All of the bilingual speakers report speaking both English and Russian, though they range from speaking English 100% of the time in a day to 60% Russian, 40% English. All but one report that overall, they speak in English more than in Russian. It should be noted that while these speakers are L2 learners of English, we use the term "bilingual" to indicate their proficiency in English, their frequent use of the language, and to simplify the terminology. The bilingual speakers were compensated for their time.
The five monolingual speakers were all recruited and recorded in Moscow. They range in age from 31-59 years. There were three female and two male speakers. These speakers reported learning either English, French, or German in high school, but none of them currently study or speak any of these languages. The monolingual speakers did not receive monetary compensation.
Materials
The In all cases, both C1 and C2 were always non-palatalized consonants. To the extent that voicing assimilation within a cluster and across preposition boundaries is realized on the surface (cf. Burton and Robblee, 1997) , consonants in oral obstruent-obstruent sequences were either both voiced or both unvoiced on the surface, except where C1 was voiceless and C2 was /v/ or a nasal. In the C1+/v/ and C1+nasal cases, the initial obstruent could be either voiced or voiceless on the surface. Although a systematic analysis of word-final devoicing was beyond the scope of this study, impressionistically, underlyingly voiced C1s in the C#C condition were usually voiceless, although there were sporadic and infrequent instances of voicing assimilation (see Section 3.5 for further discussion). Some examples of stimuli are given in (3); the whole list of stimuli is found is Appendix A. 
'to flatter the baron'
'the tavern was flooded'
'money for the baron'
'to evaluate the size'
In order to ensure that the speakers produced a schwa in the #CəC condition, it was necessary to carefully control the underlying vowel and the stress patterns in the phrases. In Russian, the vowels /o/ and /a/ are reduced to schwa only when they are two syllables before the stressed position, or after a stressed vowel. This is referred to as the "unstressed" position. When /o/ and /a/ are immediately preceding a stressed syllable they also reduce, in this position to the vowel /ɐ/ (following Padgett and Tabain, 2005) . This is the "pre-stressed" position. In word initial position, the first syllable of the #CəC words was always in unstressed position, followed by a pre-stressed /ɐ/. In order to keep the following vowel and the stress position consistent across sequence types, the #CC was always followed by a pre-stressed vowel. For the C#C words, we attempted to follow C2 with a pre-stressed vowel, but for three of the sequences (pn, dn, kn) it was impossible to construct meaningful, appropriate phrases, so in these cases C2 is followed by a stressed vowel. The statistical tests are modified to exclude these sequences when necessary. The relationship between the stress patterns of the three sequence types is summarized in (4).
Note: C x indicates that the consonant preceding the target sequence at the end of the carrier was always the same.
The total number of phrases read by each participant was different for the bilingual and monolingual groups. The bilinguals were presented with 28 unique C1C2 combinations, each consisting of the three different sequence types, for a total of 84 target sequences. After beginning the analysis of the bilingual data, we noticed that it was occasionally difficult to find the boundary between the final (often palatalized) consonant of the carrier phrase and the beginning of C1 when C1 was a fricative. In these cases, we were concerned that we might be measuring the C1 fricative as being longer than it actually was, so for the monolinguals, we added another phrase for the #CC and #CəC condition where the carrier ended in a vowel (note that for C#C, C1 was already always preceded by a vowel). Potential differences between the post-consonantal and post-vocalic fricative C1 are examined in the results section.
In addition to adding stimuli consisting of vowel-final carrier phrases for fricative-initial sequences, we also added five more C1C2 combinations for the monolinguals to record, for a total of 33 combinations. Thus, the monolinguals read 139 target sequences. The differences between the bilingual and monolingual stimuli are marked in Appendix A.
Design and Procedure
The target sequences were pseudo-randomized to ensure that no two phrases from the same C1C2 combination were next to one another. The phrases were then printed out in Cyrillic orthography in two columns on two sheets of paper. There were also two filler phrases at the beginning and end of each printed column to prevent the target phrases from being read with list intonation.
For both the monolinguals and bilinguals, at least one Russian-speaking experimenter was always in the room for the recording session. Before the recording began, participants were asked to read the list in front of the experimenter to ensure that they were familiar with all of the words and that they were being read with the proper stress placement. The speakers were corrected if they did not place the stress on the right syllable. The experimenter remained with the speaker during the recording and if the speaker continued to make an error, she was prompted to repeat the phrase with the correct stress placement.
The bilingual speakers were recorded in a sound-proof booth at New York University.
They held the sheets of paper containing the stimuli and read into a Shure Beta 85A microphone attached to a Marantz PMD-670 digital recorder. The microphone was placed 2-3 inches from each speaker's mouth. The monolingual speakers were recorded in a quiet room in a private home in Moscow using the M-Audio Microtrack 24/96 and the stereo electret microphone that comes with the Microtrack. The Microtrack was also placed approximately 2-3 inches from each speaker's mouth. The speakers read the phrase list through two times.
Analysis
Once the phrases were recorded, the waveform and spectrogram of both repetitions were examined in Praat 4.406 (Boersma and Weenink, 2006) to make several duration measurements:
C1 closure, burst and aspiration of C1 together (if present), voiced vowel (if present), and C2
closure.
A few points about the measurement criteria should be mentioned. First, if C1 was a stop, the closure was measured from the onset of silence to the point at which aperiodic energy for the burst appeared. If C1 was a fricative, the measurement began at the onset of high frequency aperiodic energy, even if that energy began before the end of the preceding vowel or sonorant consonant. When a fricative in C1 position was preceded by a palatalized stop (only /f/ and /v/ were ever preceded by palatalized stops), the palatalization had much more intense energy than the C1 fricatives did and was usually clearly demarcated. The measurement for these /f/ and /v/ C1s started at the offset of palatalization. When a plain stop preceded a fricative C1, measurement of C1 began at the offset of the preceding burst which was higher intensity or had a more diffuse range of energy than the fricative C1. C1 fricatives preceded by both kinds of stops and a C#C stop-stop sequence are illustrated in Appendix B.
The start of C2 was measured from the offset of the last glottal pulse of the schwa in #CəC sequences. In #CC and C#C sequences, when C2 was preceded by a stop, it was measured from the offset of the burst just as a C1 preceded by a stop was measured. For fricative C2s, measurements depended on the sequence. When a low-energy fricative was followed by a higher energy fricative (e.g. /fs/, /vz/), the higher energy was generally characterized by an abrupt, clearly demarcated onset. When C2 was /v/, in most cases it appeared as an approximant, so the beginning of C2 was measured at the onset of formant structure. Two examples of fricative C2
sequences are shown in Appendix B. In all cases, the offset of C2 was at the beginning of formant structure in the following vowel. This included fricative C2s, which were occasionally followed by a short period of near silence before the formants of the following vowel started.
This silence was measured as part of the duration of the fricative. The second formant (F2) was chosen as the most reliable indicator of formant structure, since the first formant was sometimes confusable with the fundamental frequency. In a small number of cases, it was impossible to definitively determine the boundary between the two consonants, so these tokens were discarded.
The vowel in #CəC sequences was measured from the onset of formant structure after the release burst or frication to the offset of the formants. Here, too, F2 was the most reliable indicator of the onset and offset of formant structure. When the schwa was followed by a nasal, the vowel duration was measured until the abrupt decrease in energy around the second formant which is characteristic of a nasal. Two examples of #CəC sequences are shown in Appendix B.
If vocalic material was present between an intended #CC or C#C sequence, the vowel duration was measured and coded as a vowel. The acoustic record was considered to have a vowel in this position only if formant structure was clearly present. The presence of a voice bar alone was not sufficient for coding as a vowel.
If the speaker paused between the two consonants in C#C tokens, or before a C1 stop in #CC or #CəC stimuli, they were not used in the statistical analysis.
Results
In this section, the results for both duration measurements and for information about the presence of vowels and the absence of bursts in #CC and C#C stimuli are presented. Prior to any further analyses, we compared the duration of C1 fricatives for the monolinguals to determine whether the stimuli in which C1 was preceded by a vowel were significantly different from the C1 fricatives that were preceded by a stop (see explanation in Section 2.2). A univariate analysis of variance (ANOVA) with subjects as a random factor and preceding segment (stop or vowel) and fricative voicing (surface voiced or voiceless) as an independent variable showed no significant main effect for preceding segment [F(1, 4) < 1], a significant main effect of C1 All of the following analyses were carried out in SPSS. Three further points should be made. First, for each dependent variable analyzed, we treated monolingual versus bilingual as an independent variable to determine whether there were any significant differences in the cues for each sequence type (i.e. #CC, C#C, #CəC). We call this variable "lingualism". Second, for each analysis, we examined both the whole data set and the subset of the data in which the vowel following the target sequence is always pre-stressed (see Section 2.2). Because the stress of the syllable containing the target sequence may affect durations of various constituents of the target sequence, we wanted to ensure that potential differences were not obscured by non-stressmatched items. When the stress-matched data has a significant or insignificant pattern that is not mirrored in the whole data set, these results are reported. Otherwise, it can be assumed that the acoustic measures were the same across the two sets of the data. Third, in all of the following analyses that include consonant manner as an independent variable, we treated /v/ as a category separate from all other fricatives. This is because /v/ in Russian can be realized either in a more fricative-like manner or as an approximant, and changes in duration may be realized differently than other fricatives.
Because the number of observations in each cell are not always the same, we used Type III Sums of Square to correct for any discrepancies.
Total sequence duration
An ANOVA was carried out to determine whether the mean durations of the whole target For the general data set, the graph in Figure 1 shows that the significant main effect of C1 manner was due to duration differences between /v/, fricatives, and stops. A Scheffé post-hoc test indicated that collapsing over sequence type, fricatives were significantly longer than /v/ and stops (p < .001), which were not significantly different from one another. Collapsing over manner, the C1 of #CəC was the longest (mean = 75ms), followed by C#C (mean = 73ms) and #CC (mean = 65ms). All comparisons are significant: #CC versus #CəC (p < .001), #CC versus C#C (p < .042), #CəC versus C#C (p < .005). Nevertheless, little importance can be ascribed to the significant difference between #CəC and C#C, since 2ms is below the threshold of the just noticeable difference (JND) for consonant duration, which is approximately 10ms, but depends on particular manners (Klatt, 1976 In sum, the results indicate that C1 duration was significantly longer for C#C and #CəC than for #CC for /v/ and fricatives, and there was no difference for stops. For monolinguals, the duration of fricatives was longer overall, but since there was no interaction with sequence type, the pattern is the same as the general finding.
C2 duration
Duration of C2 was examined with an ANOVA including sequence type, manner of C2 The graph in Figure 3 shows that the significant main effect of C2 manner for the whole dataset was due to duration differences between all four C2 manner types. A Scheffé post-hoc test indicates that collapsing over sequence, the fricatives were the longest consonants (mean = 109ms) followed by nasals (mean = 76ms), stops (mean = 68ms), and /v/ (mean = 61ms). All comparisons were significant (p < .001). For sequence type, C2 of C#C was the longest (mean = 84ms), followed by #CəC (mean = 77ms) and #CC (mean = 74ms). All comparisons were significant: #CC versus #CəC (p < .021), #CC versus C#C (p < .001), #CəC versus C#C (p < .001), though again, the difference between #CəC and #CC may be below the JND threshold.
Since the interaction of manner by sequence was not significant, these patterns hold up for all C2 manner types. In sum, the results for C2 demonstrate that C2 duration was longest for C#C, followed by #CəC, which was still longer than #CC, though these differences should be treated with caution.
Notably, C2 of C#C for all manners was reliably longer than C2 for #CC. The findings for lingualism demonstrate that monolinguals tended to have slightly longer C2 consonants than the bilinguals, which was reflected to varying degrees for all C2 manner types.
Vowels and bursts
Another measure of interest in this study was whether native Russian speakers ever inserted vocalic material between the consonants in either C#C or #CC sequences. A count of these "excrescent schwa" productions is shown in Table 1 Figure 5 , post-hoc tests indicate that the significant main effect of sequence was due to a longer vowel being produced for #CəC tokens than for #CC (p < .001).
Somewhat surprisingly, there was no difference between #CəC and C#C tokens, nor was the difference between bilinguals and monolinguals in the C#C condition significant. The lack of effect, and the long duration of the excrescent vowels for bilinguals in the C#C condition is most likely due to the very small sample size. In addition to vowel duration, duration of the burst following stops in C1 position was also examined. In this case, because burst duration may be especially vulnerable to the stress of the following syllable, the analysis was restricted to stops in the subset of stress-matched stimuli. Collapsing over lingualism, the two way interaction between sequence and C1 is due to a complex series of differences among the consonants. These are shown in Table 2 . One consistent result is that the burst for the voiced stops are consistently longer in the C#C condition. This suggests that voiced stops are often devoiced in word-final position, resulting in the longer burst associated with voiceless stops (see Section 3.5 for further discussion of the status of final devoicing in this data). For the voiceless stops, /p/ and /k/ pattern similarly, where the burst of C1 in #CəC is significantly longer than at least one of the consonant cluster types, but for /t/ the C1 burst #CC is longer than #CəC. There is no immediately apparent explanation for why /t/ is different from /p/ and /k/, but the lack of a difference between C#C and #CC for all of the voiceless stops is the most important outcome for this study, since it indicates that C1 burst duration does not distinguish between #CC and C#C when C1 is voiceless. In addition, Russian speakers occasionally failed to produce a burst in C#C and #CC sequences. Overall, there were 50 instances of a missing burst for stop-initial #CC sequences (15%, 324 total) and 54 missing bursts for C#C sequences (17%, 322 total). This number is slightly lower than reported in Zsiga (2003) , who found that 27% of non-identical stop#stop sequences had missing releases for the first consonant, but the current study included stop-stop, stop-fricative, and stop-nasal sequences. Thus, it appears that Russian speakers are fairly consistent in releasing stops before other consonants. Likewise, the vowel was present in all but 18 cases (out of 781, 2%), indicating that Russian speakers do not delete the vowel or overlap the surrounding consonants and the vowel such that it would not be present in the acoustic record. This is less than the English speakers examined by Davidson (2006b) , who either deleted pretonic schwa or reduced it to aspiration at a normal speech rate in approximately 11% of the tokens.
C1
Voiceless C1 subset
The analyses in the preceding section collapse over sequences that would be traditionally characterized having two voiced or two voiceless members, except in the C#C condition, where word-final devoicing usually causes a C1 that is underlyingly voiced to surface as voiceless.
However, it is possible that the voiced C1 in C#C may not always be neutralized to a voiceless obstruent. First, word-final devoicing of obstruents may not be complete or occur in 100% of utterances, which could lead to an ambiguity between C#C and #CC for sequences of voiced consonants that is similar to that present for voiceless sequences. Second, this situation may be further compounded by regressive assimilation across word boundaries, which would also lead to an underlyingly voiced obstruent in C#C position surfacing as voiced. As noted in Section 2.2, a voiced C1 in C#C tokens was impressionistically rare, but Figure 6 is an example of the utterance /iz-'tʃ j ez # bol j 'noj/ where the word-final /z/ clearly surfaces as [z] . In cases where word-final devoicing is realized, a listener who does encounter a voiceless-voiced obstruent sequence (except when C2 is /v/ or a nasal) is presented with a salient cue that they are hearing a word-boundary and not an initial consonant cluster. Thus, the following analyses examine only the subset of data that contains the 15 sequences with a voiceless C1 followed by a voiceless obstruent, /v/, or a nasal (e.g. /tk/, /kv/, /pn/, /ft/). It is an interesting question as to whether this subset follows the general pattern for the implementation of consonant sequences, or whether there are any differences that further distinguish C#C versus #CC in these especially ambiguous cases. We examine this question by looking at C1 duration, and C2 duration. C1 burst duration is not analyzed again, since the breakdown by C1 type in Section 3.4 provides the relevant information. The results for the stress-matched data were the same except that manner by lingualism was not significant.
Scheffé post-hoc tests showed that #CəC (mean = 80ms) was significantly different from both #CC (mean = 73ms) and C#C (mean = 70ms) (p < .002), but that these were not different from one another. As illustrated in Figure 7 , for fricatives C1 of #CəC was significantly longer than C#C or #CC [p < .05 and p < .001, respectively], which were not significantly different from each other. For stops, C1 of C#C was significantly shorter than C1 of #CC [p < .05], but the duration of C1 of #CəC was not significantly different from either of the other sequence types.
For stress-matched data, there were no differences of sequence type on C1 closure duration when C1 is a stop. The results for the stress-matched subset were the same, except that the two-way interaction between lingualism and manner was not significant [F(3, 675) = 1.71, p = .17].
The significant main effect of sequence type is the same as the general data set: C2 of C#C is the longest (mean = 91ms), followed by #CəC (mean = 83ms) and #CC (mean = 78ms).
A Scheffé post-hoc test confirms that all comparisons were significant: #CC versus C#C (p < .001), #CC versus #CəC (p < .012), and #CəC versus C#C (p < .001). Unlike the general data set, there was an interaction between sequence and manner. As shown in Figure 8 , the significant differences are as follows: for /v/, C2 of C#C was significantly longer than #CC or #CəC [p <
.05 and p < .005, respectively], which were not significantly different from each other. When C2 was a fricative, C2 of C#C was significantly longer than C2 of #CC [p < .005]. When C2 was a nasal, C#C was significantly longer than #CC or #CəC [both p < .001], which are not significantly different from each other. However, for the stress-matched data for nasals, there was no effect of sequence type [p = .416]. When C2 was a stop, #CC was significantly shorter than C#C or #CəC [p < .05 and p < .001, respectively for all data], which were not significantly different from each other. Figure 8 . Duration of C2 for each manner and sequence type for the voiceless C1 subset of the data.
General discussion
The results of the acoustic analysis indicate that speakers produce a number of consistent durational differences demarcating C#C, #CC, and #CəC sequences in connected speech. The differences are similar regardless of whether the speakers are monolingual or bilingual.
Likewise, there are no substantial differences between the whole dataset, the stress-matched subset and the voiceless C1 subset. This indicates that durational cues distinguishing C#C, #CC, and #CəC sequences are general ones, and are not enhanced by speakers for sequences that are ambiguous and more likely to be confusable to the listener.
For all speakers, unsurprisingly, #CəC sequences are the longest of all, and C#C sequences are longer than #CC sequences. The relative shortness of #CC sequences is largely attributable to C1 duration results, which show that for /v/ and fricatives, #CC is shorter than the other two types. Following Browman and Goldstein (1995) , this decrease in C1 duration in #CC may be due to greater overlap in consonant clusters within the same syllable position. 2 However, the results also showed that there are no differences for stops. These results are largely mirrored in the voiceless C1 subset, where C1 of #CC is shortest for the fricatives, but is either equal in length or even a little longer than the other sequences when C1 in #CC is a stop. That stops in C1 position do not differ in length depending on sequence type is consistent with the canonical coordination in Russian which ensures that initial stops in consonant sequences are always released (Zsiga, 2003) . Because stops must be released before obstruents and nasals, increased overlap is prevented in those sequences.
The findings for C2 for all data sets indicate that the duration of the second consonant of C#C sequences is the longest, followed by #CəC and then by #CC. To the extent that the difference between #CəC and #CC is meaningful since it may be below the JND threshold, these results are easily explained, since C2 of C#C sequences is word-initial, the C2 of #CəC is syllable-initial but not word-initial, and C2 of #CC is in a consonant cluster. These results are consistent with reports of domain strengthening (Byrd, 2000; Cho and Keating, 2001; Fougeron and Keating, 1997) , and with the finding that consonants in clusters are shorter than singletons (e.g. Lindblom et al., 1981) .
While the durations of C1 and C2 distinguish between different types of consonant sequences, burst durations are less consistent. In the stress-matched data, which control for any possible effects of stress placement on aspiration duration, the differences between the sequences for voiced stops indicate that the C1 burst of an underlyingly voiced stop in the C#C sequence is longer than the burst in #CC or #CəC, which is consistent with word-final devoicing. For the voiceless stops, there were no differences in burst length between C#C and #CC. As noted in Section 3.5, if a listener encounters a voiceless + voiced obstruent sequence, however variable its realization may be, that particular utterance should be unambiguous to the listener as a wordboundary. But because word-final devoicing may not be complete and regressive voicing assimilation may cross word-boundaries (Burton and Robblee, 1997; Dmitrieva, 2005; Timberlake, 2004) , these unambiguous sequences may not be encountered as often as might be 2 Note that these results contradict Byrd's (1996) findings for the sequence /sk/ in English. Her examination of consonant overlap using electropalatography showed that there was less overlap for /#sk/ than for /s#k/. There are a number of reasons for a differences: (1) English and Russian may simply have different coordination patterns, (2) Byrd looked only at /#sk/, whereas other fricative-initial sequences were examined in this study, and (3) /s/ may have a different coordination pattern than other consonants, which may be related to why /s/ is so common in onset clusters whereas other fricatives are not (Morelli, 1999) . MORELLI, F. (1999 expected. Thus, C1 burst duration alone does not adequately distinguish between the consonant sequences examined in this study.
The comparison of monolinguals and bilinguals indicates that there are few consequential differences between the two types of speakers with regard to the relationship between different types of sequences. The main difference between monolinguals and bilinguals is that the monolinguals have longer overall fricative durations for both C1 and C2. For nasals and stops, the monolinguals also produce C2 of #CəC with a longer duration than bilinguals. One possible sources of these differences is that the inherent differences in consonant length for these sequences have been modified through contact with English (cf. Sancier and Fowler, 1997) .
Regardless of the source of the differences between monolinguals and bilinguals, none of them affect the relationship between #CC and C#C, indicating that the cues to differentiate these types of consonant sequences are the same for both types of speakers.
These results, along with the phonological facts presented in the introduction, demonstrate that there are several phonetic properties of Russian that may be combined to assist the listener in segmenting the speech stream and the learner in identifying new lexical items.
First, when word-final devoicing does happen, listeners faced with a voiceless-voiced obstruent sequence can be sure that it is occurring across a word boundary. However, there are a considerable number of sequences which can occur in either #CC or C#C position, so the consistent distinctions between #CC or C#C as reflected mostly in C1 and C2 duration differences should be available to the listener for perceptual tasks. The distinction between stopinitial sequences relies more heavily on C2 duration, since the requirement that C1 stops be released prevents the shortening of those consonants.
A secondary question of interest in this study was whether native Russian speakers ever produce #CC or C#C with an excrescent schwa. Since these two types of sequences are lexically contrastive with #CəC, we did not expect to find a significant number of excrescent schwas.
When the relatively few instances of excrescence did occur, the schwas are shorter than lexical ones. Though no further acoustic analysis of the excrescent schwas was carried out (e.g. formant measurements), the shorter duration is consistent with previous experimental work indicating that these schwas result from decreased articulatory overlap of the consonants in the sequence rather than insertion of a vowel (Davidson, 2005; Davidson, 2006a) . Russian speakers exhibit this overlap pattern infrequently, suggesting that they generally adhere to a constrained range of consonant coordination for obstruent-obstruent and obstruent-nasal sequences.
The issue of excrescent schwas is important when considering how second language learners may use the acoustic signal to determine the coordination of consonant sequences in Russian. For example, learners of Russian, who may initially either epenthesize a schwa between the two consonants in an initial cluster or produce them with insufficient overlap, must ultimately use cues from the signal to learn that Russian obstruent-initial #CC sequences are overlapped enough to exclude any vocalic portion between the two consonants. Since there are very few instances of excrescent schwas in the input, such schwas on the part of language learners would be attributable to their own phonological and phonetic systems, not to the input from the Russian speakers. Likewise, non-native speakers must also use the cues in signal to learn that whether stops are in clusters (#CC) or in word-final position (C#C), the duration of the release burst is the same. As shown by Zsiga (2003) , this is not particularly difficult for English speakers to learn for word-final stops, but it is likely to be a problem even for proficient English learners of Russian to produce most obstruent-initial #CC sequences with the right amount of overlap since these sequences are phonologically prohibited in English. In fact, previous research has shown that native English speakers have trouble producing even fricative-initial consonant sequences with close coordination in word-initial position (Davidson, 2005; Davidson, 2006a) .
The findings of this study and the preceding discussion point the way to at least two areas for future study. First, now that acoustic differences between the consonant sequences under investigation have been established, the next step would be to determine how salient they are to both native language and second language learning listeners. If listeners use these acoustic cues in speech segmentation, then we would expect that they could distinguish between …V#CCV… and …VC#CV… sequences that are either lexical minimal pairs or that form nonce words.
Likewise, it might be expected that there is a correlation between the perceptual abilities of second language learners who can distinguish between such pairs and the acoustic properties of their own implementation of this distinction (e.g., Bradlow et al., 1996) .
Second, whereas Russian has a three-way distinction between #CC, C#C, and #CəC, most other Slavic languages do not have the latter category since schwa is neither a phoneme nor an allophone in their vowel inventories. Thus, while learners of Russian should ultimately learn that the insertion of an excrescent schwa in #CC sequences would acoustically compete with #CəC sequences, it is possible that learners of other Slavic languages would be more lax in learning the proper coordination and acoustic cues for #CC since there are no #CəC phonotactic competitors. Whether or not this scenario is accurate is a matter for further research.
Conclusion
The phonotactics of Russian are uncommon in that sequences of obstruents have fewer positional restrictions than many other languages. As a consequence, Russian listeners and learners are not able to rely merely on phonotactic knowledge in order to perform speech segmentation and lexical acquisition. The results of this study have demonstrated that Russian speakers use durational cues to distinguish between consonant sequences that are phonotactically the same but differ in word boundary placement. This study also shows that the acoustic and articulatory patterns characteristic of Russian are not affected by English for the bilingual speakers. The durational cues apply to most types of consonant sequences, but can be overridden for other perceptual needs, such as ensuring that a stop release is audible. Finally, this study also shows that Russian speakers are consistent in their implementation of the coordination patterns for different types of sequences. Stop bursts for the first consonant are typically produced and schwas are almost never elided in #CC and C#C sequences. Since these acoustic cues reliably delineate between the types of consonant sequences investigated in this study, they should be available for various perceptual tasks carried out by Russian listeners and learners.
Appendix A
The following abbreviations are used in the tables below: #CC = Cluster, #CəC = schwa, C#C = across word boundary. The notation (V) indicates the additional stimuli which were added to place a vowel in front of a fricative C1 (see Section 2.3). The asterisk (*) indicates consonant combinations which were only read by monolinguals. The dash (-) indicates a morpheme boundary. Morpheme boundaries that are not near the sequences of interest are not indicated.
The UR column refers to the assumed underlying representation of each stimulus phrase, and the Surface form corresponds to the phonetic output (after vowel reduction, devoicing, voicing assimilation, etc.) The boxes in the Surface and UR columns indicate the target sequence.
Spaces indicated in the UR column indicates separation of orthographic words. In the case of sequence types other than C#C, this separation coincides with a preposition-word boundary within one phonological word. Devoicing indicated by the subscript (e.g., /v̥ /) in the Surface column represents word-final devoicing, which is optional and/or gradient (see Section 1.1 and references therein for discussion). 
